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Abstract 
The legal framework for CCS has been developed in several industrial countries of the world. These laws include some 
indications about technical information needed and outlines for procedures for storage application and permitting. However, 
many issues need a more precise description in guidelines and regulations that define the rules and tasks for industry and 
authorities alike. Thus, the German Federal Institute of Geosciences and Natural Resources started a discussion of some of the 
issues with mining authorities and industry that led to the proposal of some procedures, criteria catalogs and check lists, that may 
be used for site characterization, risk assessment and monitoring of storage sites. Background for these discussions was the 
European CCS directive and its technical Annexes. We can not claim general applicability for these documents, but we tried to 
be as comprehensive as possible, without getting lost in a consideration of all site-specific particularities. They can be the starting 
point for regulations that have to be developed further, taking into account the gain of experience from future CCS projects. 
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1. Introduction 
The Annexes to the European Directive 2009/31/EC on the geological storage of carbon dioxide outline 1) 
criteria for the characterization and assessment of potential storage complexes and surrounding areas and 2) criteria 
for establishing and updating monitoring plans. Accordingly, a characterization is needed to asses the suitability of 
sites and to exclude significant risks. Annex I includes a mixed list of intrinsic characteristics of the storage 
complex, with rather general descriptions of subjects, such as “geology”, and on the other hand specific features, 
such as “dissolution rate”. The listed items are regarded as minimum requirement. More relevant data can be 
provided by the applicant or required by the responsible authorities. In the present state the annexes leave some 
room for interpretations and hence uncertainty for potential storage operators and regulatory authorities. Both want 
to have more precise and practical guidelines or to-do-lists in order to prepare comprehensive and successful storage 
applications. Some of the questions which arise from the Annexes I are e.g.:  
 How many exploration wells are needed and representative for a given area? 
 How can the hydraulic unit be determined and the exploration area be delineated without prior knowledge of 
flow boundaries?  
 Can data acquisition be less intensive in the surrounding area compared to the storage complex? 
 How long do base-line data like natural seismicity have to be monitored? 
 Which exploration or monitoring methods are mandatory or complimentary? 
 Can minimum quality requirements be defined for suitable sites? 
Currently the European commission is preparing “Guidance Documents for the Implementation of the European 
Directive on the Geological Storage of Carbon Dioxide” that shall facilitate a coherent implementation of the CCS 
directive in Europe. These guidance documents will help to develop more specific technical guidelines and 
procedures for storage regulation involving the component authorities in the European member states. 
Some of the authorities which are likely to be responsible according to the draft German CO2 storage law have 
started a discussion on some of the open questions listed above. Several preliminary practical recommendations 
resulted from these discussions. They can be used as a starting point for the development of more formal 
regulations. In order to ensure common standards and up-to-date best practice in all member states, a permanent 
committee of European regulators and storage industry could be set up. It could develop and adapt appropriate 
guidelines, such as European Norms according to experience from the up-coming demonstration projects. 
Recommendations are made for deep saline aquifers and depleted natural gas reservoirs, the two main storage 
options in many countries. These recommendations include criteria for site selection, the assessment of abandoned 
wells, and risk-related safety and monitoring concepts. Based on existing concepts and discussions with German 
mining authorities some schemes have been developed that could be used to structure the work-flow of storage site 
exploration, safety assessment and monitoring. The main findings and recommendations are briefly outlined in the 
following chapters. 
2. Site Selection 
Quality requirements are defined in a general way in article 4 of the EC directive. Storage quality is primarily 
defined through the criteria leakage and HSE risk. The directive does not distinguish quality levels, e.g. for on- or 
offshore storage. Sites just have to be suitable to fulfill the safety requirements.  
Basic site requirements are sufficient storage capacity and injectivity, and the safe and socio-economic acceptable 
storage operation. Site requirements can be characterized by a set of criteria. Each criterion is described in detail, 
serving mainly as indication of where to place attention to. They will improve with increasing knowledge, including 
e.g. the development of thresholds for certain topics.  
From screening to storage application the number of criteria will increase. 
Thus, it is recommended to distinguish between excluding factors – resulting in disqualification of a targeted site, 
essential criteria and further features for site ranking. Weighting of these criteria facilitates an overall assessment of 
the suitability of storage sites. 
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3. Safety Concept 
A four stage safety concept is proposed which distinguishes between four safety levels (Figure 1). The four 
stages are:  
1) site selection including an injection strategy,  
2) risk analysis including scenario and consequence analysis,  
3) remediation package defining measures for avoiding or remediating leakages or irregularities,  
4) and finally, monitoring.  
The quality of safety is distinguished in four safety levels requiring specific actions:  
 Level 1 is ideal behaviour, where everything proceeds as anticipated.  
 Level 2 represents a normal behaviour in which deviations from the modelled behaviour remain within tolerable 
thresholds.  
 Level 3 is a significant irregularity as defined in Article 3 of the European CCS directive.  
 Level 4 is a leakage case.  
Each level requires characteristic measures and reporting requirements that need to be fulfilled, ranging from 
preventive, voluntary actions to immediate, compulsory activities including stop of injection at stages three or four. 
Figure 1    Safety level matrix. 
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4. Assessment of Abandoned Wells 
Abandoned wells are regarded as one of the most critical or at least uncertain features for safe storage in depleted 
gas fields. Based on the history of drilling and abandonment regulations (Figure 2), some criteria for the assessment 
of abandoned well conditions have been compiled. For most of the older wells, prior to about 1980-1987, 
insufficient information about the well conditions has been recorded. For these wells a reliable safety assessment is 
impossible. However, if these wells have not reached down to the storage complex or have not penetrated the main 
aquitard separating shallow fresh from deep saline groundwater, they may be compatible with the safe storage of 
CO2. For more recently sealed wells the quality of the cementing has been measured and documented, so that a 
preliminary safety assessment is possible. In general however, each abandoned well will have to be assessed 
separately in the application for a storage site. And, it is ultimately the permitting authority, that has to decide about 
the treatment of each abandoned well in the area affected by the storage. 
Figure 2 Regulations for deep wells (Bergpolizei-Verordnung, Tiefbohrverordnungen) and well abandonment 
(Verfüllungsrichtlinie) in Northern Germany; 1949 -1990: East on top, West below time axis.  
5. Monitoring Framework 
Basic constraints for monitoring are given in Annex II of the European CCS directive (2009/31/EC). Some 
practical guidelines for monitoring of natural gas storages that could be adapted for CO2 storage are laid out in the 
DIN-EN 1918. The principal purposes for monitoring are 
- HSE provisions, which are in the focus of Annex II of the European CCS directive 
- Quantification of emissions from storage sites according to the European Emission Trading Scheme 
- Providing technical data for injection management and site operation 
- Satisfying the public interest on environmental information, especially in the case of deviations from the 
predicted storage behaviour 
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Figure 3 Purposes of comprehensive monitoring.    
The allocation of these purposes to a matrix of storage complexes and monitoring phases can be used to check the 
completeness of comprehensive monitoring plans (Figure 3). Particular monitoring tasks are further listed in Art. 13 
of the CCS directive.
Monitoring plans have to be site specific and flexible, so that in case of any deviation from the predicted 
behaviour, monitoring can be intensified and measures according to the associated safety concept can be taken. A 
prerequisite for such flexibility is a comprehensive baseline survey covering the storage complex and a sufficiently 
large area of its surroundings. General monitoring concepts have to be converted into site-specific monitoring plans. 
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A procedure for the development of comprehensive site-specific monitoring plans on the basis of the general 
monitoring reasons and legal requirements is outlined in the following principle steps.  
5.1. Mapping of monitoring areas 
The application of monitoring methods has to take into account the physical properties of the moving fluids in the 
subsurface. Zones moving away from the injection areas can be distinguished which require more intensive 
observations of dynamic processes near the wells and less intensive observation of the surroundings of the storage 
complex. Superimposed on these moving targets are stationary monitoring areas that require special attention, either 
potential pathways presenting elevated risks or areas of high sensitivity to leaking fluids from the storage, e.g. 
protected drinking water extraction from shallow aquifers or the surroundings of deep wells (Figure 4). These areas 
have to be mapped in a GIS, taking into account variations of the subsurface monitoring targets with time and the 
possible superposition of monitoring areas. The delineation of the moving zones has to be based on reservoir 
simulations of the fluid migration which hast to be adapted according to the actual fluid migration observed during 
the storage operation.   
Figure 4    Schematic diagram of moving monitoring zones (dashed) and stationary areas (solid lines) around an 
injection site with CO2 saturated (g) and brine and CO2 filled saline aquifer rocks (f, g).    
5.2. Classification of monitoring intensity 
Three classes of different monitoring intensity can be distinguished: 
- the storage complex requiring monitoring of HSE and leakage risks 
- the wider surrounding which is probably little affected by pressure rise and low fluid displacement velocities.  
These areas may be monitored at a low spatial and temporal observation intensity using qualitative methods 
that cover large areas, e.g. remote sensing. 
- The stationary areas of precaution. These require a thorough base line monitoring. Potential pathways require 
a more intensive observation than the surrounding storage complex. For sensitive areas care should be taken 
to intensify monitoring in the case of indications of deviations from the predicted behaviour. 
5908 F. May et al. / Energy Procedia 4 (2011) 5903–5910
 Author name / Energy Procedia 00 (2010) 000–000 7
One of these intensity level has to be assigned to each of the monitoring areas mapped in the GIS, in order to 
define appropriate monitoring plans.    
5.3. Definition of monitoring tasks 
A structured approach is suggested to assure that all monitoring tasks are identified before storage projects are 
established, so that monitoring infrastructure and base line measurements for all of the monitoring tasks are prepared 
in time. We propose the use of a times-space matrix which reflects the compartments of the storage and its 
surroundings, as well as different project phases. The matrix presented in figure 3 can be used for the definition of 
spatial and temporal divisions of a monitoring plan. This structure corresponds to the provisions and definitions used 
in the European CCS directive. Of course, this structure can be modified or further subdivided for other regions or 
underground storage options. For each field of the matrix storage purposes and tasks shall be defined. 
5.4. Selection of monitoring methods 
The selection of appropriate monitoring tools is a three-step process. First, generally applicable technologies will 
be identified, taking into account properties of the storage complex and local monitoring conditions. Some criteria to 
be considered for a pre-selection of methods are listed in Table 1. Potential methods are listed and discussed e.g. by 
Pearce at al. [1] or Ramehwar et al. [2]. In the second step the sensitivity of individual methods under typical 
monitoring conditions at the storage site has to be assessed, e.g. by synthetic seismograms or the calculation of 
geophysical anomalies caused by the expected effects. The result of this assessment is a list of suitable, potentially 
suitable and unsuitable methods. According to the matrix used in 5.3 it has to be checked, if for each of the 
monitoring tasks a suitable method is available, or if gaps still need to be filled, e.g. by optimized observation 
networks or tools using some of the potentially suitable methods.  
Table 1    Characteristic storage properties and monitoring conditions. 
Storage option saline aquifer oil reservoir gas reservoir coal bed 
Environment marine wetlands & lakes agriculture urban & industrial 
Structure closed structure open structures  
Storage size research and pilot projects  full  scale industrial projects 
Potent. pathways faults wells permeable cap rock 
Project phase baseline normal operation irregularity post closure 
Monitoring task reservoir management 
HSE, leak and migration  
detection 
emission trading, 
flux quantification 
Substance CO2-rich gas phase formation water 
Monitoring target reservoir overburden freshwater  aquifer surface
Leakage rate low (~100 g/d) intermediate (~100 kg/d) high (~100 t/d) 
Leakage  type diffuse disperse spots single localized leak 
5.5. Specification of measurements and observations 
The actual site specific monitoring plan needs to specify what, when, where, why, and with which 
instrumentation shall be recorded, measured or observed. This includes information such as the locations of 
recording stations or networks, sampling frequencies or instrumental resolution. The detailed monitoring plan is part 
of the storage application and permit. It has to be adapted according to storage progress and monitoring results. 
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6. Summary and Outlook 
Criteria for site selection are proposed, including examples for weighting and ranking. The availability of 
information for old, filled wells is discussed and a check list of the necessary information needed for a safety 
evaluation of abandoned wells has been compiled. A safety concept for secure site operation is proposed. A 
structured concept for a comprehensive observation of storage sites is suggested, as well as a procedure for the 
development of site specific monitoring plans. The detailed results are documented in a German report that could be 
as a nucleus for the development of binding regulations by the national competent authorities in Europe and 
worldwide. The German report is available from the Federal Institute for Geosciences and Natural Resources 
(BGR).  
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